The soft magnetic properties of ring-shaped (Co0.6Fe0.3Ni0.1)68(B0.811Si0.189)27Nb5 bulk metallic glasses J. Appl. Phys. 113, 17A336 (2013) The structural evolution of Co 40 Fe 22 Ta 8 B 30 glassy particles has been studied by in-situ high-energy synchrotron X-ray diffraction (XRD) upon isochronal annealing. The changes in position, intensity, and full width at half maximum (FWHM) of the first and second diffuse maxima of the XRD patterns suggest the occurrence of irreversible structural relaxation upon the first heating up to a temperature close to the glass transition temperature T g . The variations in reduced pair correlation functions upon annealing are discussed in the frame of the topological fluctuation theory for structural relaxation. Isochronal annealing of the Co 40 Fe 22 Ta 8 B 30 glassy particles improves their soft magnetic properties through decreasing the coercivity and increasing the magnetic susceptibility, saturation magnetization, and Curie temperature. V C 2014 AIP Publishing LLC.
I. INTRODUCTION
Metallic glasses (MGs) exhibit outstanding physical and mechanical behavior, owing to their unique atomic structure. Such materials are far from metastable equilibrium due to the formation of quenched-in defects caused by rapid quenching. 1, 2 The presence of defects, such as free volume, in the glassy state can significantly affect the mechanical behavior. For instance, these defects can decrease viscosity or enhance plasticity of glasses. 1, 3 Upon a heat treatment of MGs at sufficiently high temperature, the atomic mobility increases and the free energy of the system decreases toward the metastable equilibrium through a process called structural relaxation. 4 Usually, structural relaxation is accompanied by variations in chemical short-range order (CSRO) and topological short-range order (TSRO). The latter involves a long-range rearrangement of atoms associated with the redistribution and reduction of the excess free volume. 2 The decrease of the free volume upon annealing results in higher viscosity, 5 density, 6 and tensile strength, 7 lower plasticity, 7, 8 and better soft magnetic properties. 9 Hence, characterization of the excess free volume is important for understanding the relationship between the atomic structure and properties of MGs. The evolution of the excess free volume upon isothermal or isochronal annealing has been widely investigated by density measurements, 6 positron annihilation spectroscopy (PAS), 10 calorimetric measurements, 4 dilatometry, 11 and X-ray diffraction (XRD) 2 . In-situ high-energy synchrotron XRD is a particularly useful method to study the changes in the atomic structure and thermal expansion of the MGs at different temperatures. 2, 12 Very recently, a new Co 40 Fe 22 Ta 8 B 30 glassy alloy with good soft magnetic properties, higher thermal stability, and significantly longer incubation time prior to crystallization, compared to the well-known Co 43 Fe 20 Ta 5.5 B 31.5 MG, has been obtained. 13 It has been found that the Co 40 Fe 22 Ta 8 B 30 bulk metallic glass (BMG) and composites with good thermal stability and excellent soft magnetic properties can be synthesized by hot consolidation of the glassy particles obtained by ball milling of the as-quenched ribbons. 14, 15 In this paper, we examine the temperature-dependent behavior of the Co 40 Fe 22 Ta 8 B 30 glassy particles obtained by ball milling of the as-quenched ribbons using in-situ high-energy synchrotron XRD. We study the relationship between the reciprocal space data, structural relaxation, and thermal expansion by analyzing the first and second diffuse peaks on the XRD patterns measured at different temperatures. Finally, we investigate the correlation between the soft magnetic properties and structural relaxation of Co 40 Fe 22 Ta 8 B 30 glassy particles upon isochronal annealing.
II. EXPERIMENTAL PROCEDURE
An alloy ingot with a nominal composition of Co 40 Fe 22 Ta 8 B 30 (at. %) was obtained by arc-melting of the constituent elements with purity of 99.5% under a Ti-gettered Ar atmosphere. Fully glassy ribbons (width of 3.5 mm, thickness of 30 lm) were prepared by a single-roller B€ uhler melt-spinner on a copper wheel at 41 m/s tangential wheel velocity under an argon flow. Glassy Co 40 Fe 22 Ta 8 B 30 particles were synthesized by ball milling of the melt-spun ribbons in a planetary ball mill (Retsch PM4000) using hardened steel balls with 10 mm diameter. The milling process was conducted for 1 h at a ball-to-powder weight ratio of 15:1 and a rotation speed of 200 rpm. Due to a short milling a)
Author to whom correspondence should be addressed. Electronic mail: amirtaghvaei@gmail.com. time, the ribbons were fractured into particles with a flakelike shape and size distribution between several microns to several hundreds of microns. To minimize the temperature rise, the milling was interrupted after each 15 min of the work and the vials were cooled down at a bath of liquid nitrogen for 20 min. All sample handling was carried out in a glove box under a purified argon atmosphere (less than 1 ppm O 2 and H 2 O).
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In-situ XRD was carried out at different temperatures using a monochromatic synchrotron radiation with a photon energy of 100 keV (k ¼ 0.0124 nm) in a transmission geometry at the BW5 beam-line of DORIS III electron-positron storage ring (DESY, Hamburg, Germany). The samples were sealed under vacuum in a quartz capillary and then heated and cooled at a constant rate of 20 K/min in a computercontrolled Linkam hot-stage. The XRD patterns were recorded using a two-dimensional (2D) X-ray detector (Perkin Elmer 1621). The background scattering was subtracted directly from the 2D XRD patterns and the resulting intensities were integrated using the FIT2D software package. 16 The integrated intensities were corrected for polarization, sample absorption, fluorescence contribution and inelastic scattering using the PDFgetX2 software. 17 The total structure factors S(Q) were determined from the normalized elastically scattered intensities according to the Faber-Ziman formalism 18 (Q ¼ 4p sin h/k, where h is the half of the scattering angle and k is the wavelength). The reduced pair distribution function, G(r), was calculated by a sine Fourier transform of S(Q) as:
The thermal stability of the as-quenched and ball-milled Co 40 Fe 22 Ta 8 B 30 glasses was determined by a differential scanning calorimeter (DSC, NETZSCH 404) at a heating rate of 20 K/min under a flow of high-purity argon.
The hysteresis loops and the saturation magnetization were recorded by a vibrating sample magnetometer (VSM) at ambient temperature. The thermomagnetic behavior and the Curie temperature T c of the samples were determined using a Faraday magnetometer at a heating rate of 10 K/min. The coercivity was measured using a Foerster Coercimat under an applied field sufficient to saturate the samples. In order to avoid the rotation of the particles in the applied magnetic field, the particles were encapsulated in silver cups and glued. All magnetic properties were measured under DC magnetic field. As it can be observed, the amorphous structure of the as-cast ribbons is preserved after 1 h of ball milling. The DSC curves measured at a constant heating rate are plotted in Fig. 2 . The ribbons and the particles exhibit an endothermic event corresponding to the glass transition at a temperature T g ¼ 893 K.
Crystallization in both samples proceeds through three exothermic peaks with the onset of the first crystallization event at T x ¼ 967 K. Hence, the Co 40 Fe 22 Ta 8 B 30 glassy ribbons and particles exhibit a large supercooled liquid region (DT x ¼ T x À T g ) of 74 K prior to the crystallization and consequently a high thermal stability. 30 glass in the as-quenched and ball-milled state, as measured by DSC. It is seen that similar to the crystallization temperature, the crystallization enthalpies did not change after ball milling. This indicates that the amorphous phase remained completely after 1 h of milling, in a good agreement with the XRD results (Fig. 1) . Despite the same crystallization enthalpies, the DSC plot of the ballmilled ribbons shows a larger area under the broad exothermic peak appearing before the onset of T g (see the inset of Fig. 2 ). The thermal parameters of 1 h milled ribbons are very similar to those determined recently for glassy particles obtained by ball milling of the Co 40 Fe 22 Ta 8 B 30 ribbons for 3 h at the same milling condition (see Table II in Ref. 14) . Ta 8 B 30 particles becomes more rectangular after the isochronal annealing. In addition, the saturation magnetization increases about 2.5% after annealing. Table II lists However, the subsequent isochronal annealing decreases significantly the coercivity of the particles to 14 A/m, indicating the improvement of soft magnetic behavior. Moreover, it enhances the magnetic susceptibility featured by the nearrectangular shape of the hysteresis loop (Fig. 3) . Fig. 4 illustrates the thermomagnetic behavior of the Co 40 Fe 22 Ta 8 B 30 glassy alloy measured at a heating rate of 10 K/min in the as-quenched, ball-milled and subsequently annealed states. As the figure shows, for each sample, the magnetization drops to zero through a single inflexion point corresponding to the Curie temperature of the amorphous phase T c am . In order to accurately determine the T c am , the Herzer approach was used. 22 Table II lists the values of T c am for the as-quenched ribbons and particles. The T c am increases about 5.8% after isochronal heating, similar to the increase in the saturation magnetization upon annealing (Table II) .
IV. DISCUSSION
As shown above, ball milling and subsequent isochronal annealing significantly affect the magnetic properties of the Co 40 Fe 22 Ta 8 B 30 glassy alloy. The evolution of the magnetic properties upon ball milling or heat treatment can be correlated to the changes in the atomic arrangement and concentration of the free volume. According to Table II, a noticeable increase of the coercivity after 1 h of ball milling can be mainly attributed to the increase of free volume or residual stress. During ball milling, deformation of the glassy phase can be localized in narrow shear bands, which usually 
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are characterized by a lower atomic density and consequently have much more free volume, compared to nondeformed regions. 23, 24 It has been suggested that the excess free volume can produce line defects called quasi dislocation dipoles, QDDs, which are the main source of stress in the glassy phase. 25 The QDDs may act as the pinning centers for the movement and rotation of magnetic domain walls and consequently increase the coercivity. However, the microscopic image of the milled ribbons (not shown here) did not reveal any shear bands on the particles surface probably due to a very brittle nature of the Co 40 Fe 22 Ta 8 B 30 glassy alloy, particularly at very low temperature and high strain rate deformation (cryogenic ball milling). It is known that for the MGs with a high concentration of metalloids, due to the strong covalent bonding between the constituent elements, the fracture usually occurs in a brittle mode and the samples shatter apart into many small fragments without any sign of shear bands on the lateral surface. 26 The absence of shear bands on the surface of the Co 40 Fe 22 Ta 8 B 30 glassy particles suggests that free volume content of the as-quenched ribbons may not be changed noticeably upon ball milling. Hence, the observed increase in coercivity after milling is mainly attributed to the enhanced residual stress. Our previous results indicated that the ball milling of the Co 40 Fe 22 Ta 8 B 30 glassy ribbons can produce a long-range stress field in the glassy structure. 27 This effect can enlarge the area under the broad exothermic peak designated before the onset of T g , as shown in the inset of Fig. 2 . The appearance of this peak indicates that the enthalpy of the glass decreases owing to structural relaxation, decreasing in stress and annihilation of the quenched-in free volume upon heating.
As indicated in Figs. 3 and 4 , ball milling does not change the saturation magnetization and Curie temperature of the ribbons. This indicates that the short term milling did not cause crystallisation of the ribbons, in a good agreement with the XRD and DSC results ( Figs. 1 and 2) . The decreased rectangular tendency of the hysteresis loop after milling is due to a larger demagnetizing factor of the particles compared to the ribbons, as well as the stress-induced anisotropy caused by ball milling.
The structural relaxation upon isochronal annealing could enhance the spin-exchange interaction through decreasing the average distance between magnetic atoms, 28 which improves both the saturation magnetization and Curie temperature of the milled ribbons (Fig. 3 and 4) . At the same time, reduction of the quenched-in free volume and the stress-induced anisotropy upon isochronal annealing decrease significantly the coercivity of the particles to 14 A/m. However, coercivity of the relaxed particles is still more than one order of magnitude larger than that of the as-quenched ribbons (H c ¼ 0.8 A/m) owing to the larger surface roughness of the particles. The fracture of the ribbons during ball milling can increase the surface irregularities, particularly on the fractured area. 29 The increase of the surface roughness can enhance the magnetic domain wall pinning and consequently increase the coercivity. Moreover, the existence of air gaps between the particles as the second non-magnetic phase increases the stray field and consequently the coercivity. 9 It is worth noting that the values for magnetization and Curie temperature of 1 h milled ribbons are comparable to those measured recently for 3 h milled Co 40 Fe 22 Ta 14 However, a larger coercivity was reported for 3 h milled glassy particles (H c ¼ 300 A/m 14 ), probably due to the enhanced residual stress and surface roughness by increasing the milling time, which results in stronger domain wall pinning.
The structural relaxation in the Co 40 Fe 22 Ta 8 B 30 glassy particles upon isochronal annealing can be investigated using in-situ XRD technique. For this purpose, the particles were heated up to 873 K, i.e., 20 K below the onset of the glass transition (T g ¼ 893 K); then the temperature was decreased to 322 K and increased again up to 870 K. The positions of the center of mass for the first diffuse maximum (Q 1 ) and the second diffuse maximum (Q 2 ) of the structure factor S(Q) were determined by fitting the curves with a pseudo-Voigt function. Fig. 5 shows the temperature dependence of Q 1 and Q 2 during the heating-cooling cycles. It is noteworthy that both Q 1 and Q 2 corresponding to the first heating lie below the respective values measured during the cooling and the second heating. The difference in the position of the diffuse maxima is well above the determination error of the peak positions. Thus, the temperature dependences of both Q 1 and Q 2 clearly indicate the occurrence of irreversible structural changes in the temperature interval between about 750 K and 870 K upon the first heating. As the temperature dependences for Q 1 and Q 2 remain unchanged during subsequent heating and cooling, the changes observed during the first cooling are supposed to be related to the structural relaxation of the ballmilled amorphous ribbons.
It has been shown that in the temperature range where structural changes are absent or negligible, the linear coefficient of thermal expansion a of an amorphous alloy can be determined from the slope dQ 1 (T)/dT. 30 The best linear fit of the temperature dependence for the Q 1 measured during the second heating of our particles gives a ¼ 11. ), which has a similar composition to our glassy alloy. 31 It is interesting that the slope dQ 1 (T)/dT is almost the same for the as-milled and heat treated Co 40 Fe 22 Ta 8 B 30 particles (Fig. 5(a) ).
The occurrence of structural relaxation upon isochronal annealing can be further investigated according to variations in the height and width of the first and second diffuse maxima in the XRD scattering intensity. As it is seen in Fig. 6 , the heights of both peaks for the glassy Co 40 Fe 22 Ta 8 B 30 particles increase after first heating up to 873 K. During the first heating, the observed temperature dependencies result from the superposition of two effects: intensity increase due to the relaxation and intensity decrease due to the enhanced thermal oscillations of atoms. 32, 33 During the second heating, intensity of the relaxed glassy particles decreases because of the thermal oscillations, which can be described by the Debye-Waller factor. 33 Hence, the variations observed in the height of the diffuse maxima, besides their positions, could be related to an irreversible structural relaxation upon the first heating cycle. Moreover, the variations of full width at half maximum (FWHM) of the first diffuse halo during the thermal cycles indicate the irreversible changes corresponding to structural relaxation (Fig. 7) . During the first heating, the FWHM increases up to T ¼ 673 K and then starts to decrease. Such variations originate from the superposition of thermal oscillations and irreversible structural relaxation. The initial increase of FWHM results from thermal oscillations, while the subsequent decrease is attributed to the occurrence of structural relaxation and the elimination of fluctuations in the inter-atomic distance. 34 During the cooling and second heating cycles, the plots show lower FWHM, compared to the first heating cycle, which reversibly changes as a result of thermal oscillations. The FWHM at the same temperature T ¼ 322 K decreased by about 3% after the first heating. structural relaxation. The structural changes upon isochronal annealing can be further assessed by calculating the difference curve DS(Q) at T ¼ 322 K, which is plotted in the lower part of Fig. 8 . The difference curve obviously shows that the annealing enhances the amplitude of the S(Q) oscillations, manifesting the changes in the atomic structure of the Co 40 Fe 22 Ta 8 B 30 MG after annealing.
The structural relaxation study of the ball-milled ribbons after isochronal annealing was further carried out in the real space. Fig. 9(a) compares the reduced pair distribution functions G(r) of the Co 40 Fe 22 Ta 8 B 30 glassy particles calculated for the first and second heating cycles at T ¼ 322 K. In addition, the difference curve, DG(r) ¼ G(r) relaxed À G(r) milled , is depicted in Fig. 9(b) . The isochronal annealing increases the intensity of the G(r) peaks, particularly the first coordination shell, without any significant change in the shape of the peak. For instance, the intensity of the main G(r) peak increases by about 2.5% after annealing. Annealing sharpens also the minima on the G(r) functions, suggesting that the local topological disorder of the glassy phase decreased upon annealing. In the first coordination shell, DG(r) is negative both at the short and long inter-atomic distances, however, it is positive around the center of the main G(r) peak (see Fig. 9(b) ). This means that structural relaxation in the Co 40 Fe 22 Ta 8 B 30 glassy particles is accompanied by elimination of short and long inter-atomic distances. In other words, annealing decreases the fluctuation for distribution of the atomic-level hydrostatic stress. 35 It has been suggested that the changes in Q 1 after annealing of a MG are in line with the variations in the excess free volume. 30 According to the X-ray scattering theory for one-component system, the position of the first diffuse maximum Q 1 has an inverse relationship with the interatomic distance r:
where k is a constant. 36 If the structural changes in a disordered alloy are sufficiently small upon annealing, the increase in Q 1 might imply the decrease of the average interatomic distance and consequently the atomic volume due to the decrease in the excess free volume. 30 If we assume that the atomic arrangement of a MG does not change significantly during structural relaxation, the volume decrease caused by reduction of the excess free volume can be equivalent to the decrease in the volume obtained by cooling of the MG. In other words, the changes in the atomic structure due to decrease of the free volume should resemble those observed upon reversible cooling for a same percentage of the volume decrease. If k in Eq. (2) Ta 8 B 30 glassy particles calculated at 393 K and 322 K for the second heating cycle. As can be observed, the difference curves corresponding to structural relaxation and cooling are considerably different, particularly beyond the first coordination shell. This result indicates that compared to reversible thermal expansion or contraction, the configuration of atoms noticeably changes during structural relaxation. Hence, the above assumption (constant k) is not justified and the excess free volume of the Co 40 Fe 22 Ta 8 B 30 MG could not be calculated using the correlation between Q 1 and the atomic volume. Similar conclusion has been attained recently after investigating the free volume changes in Pd 40 Cu 30 Ni 10 P 20 BMG upon annealing. 32 The observed extensive atomic rearrangements during structural relaxation may originate from recombination of the liquid-like atomic sites corresponding to the dilatational sites (negative density fluctuation, n-type) and compressive sites (positive density fluctuation, p-type) in the amorphous structure. 35, 37 According to the topological fluctuation theory, a long-range stress field can be produced in the MG by the atomic-level local density fluctuations in n-type and p-type regions. 35, 38 In this case, the changes in G(r) upon annealing are proportional to its second derivative as: where hP 2 i is the fluctuation of the atomic-level hydrostatic pressure, G 0 (r) is the reduced pair correlation function of a part with P ¼ 0, and c is a materials dependent factor which is constant beyond the first peak of G 0 (r). Fig. 10 compares the experimentally calculated DG(r) at T ¼ 322 K with À@ 2 G 0 ðrÞ=@r 2 , which was estimated by using the second derivative of G milled (r) for G 0 (r). 35 The two plots in Fig. 10 have different scale factors and were scaled to agree at larger interatomic distances. From Fig. 10 , DG(r) changes directly with À@ 2 G 0 ðrÞ=@r 2 , indicating positive hP 2 i milled À hP 2 i relaxed . Hence, the width of distribution of atomic-level hydrostatic pressure decreases after annealing of the Co 40 Fe 22 Ta 8 B 30 glassy particles, as mentioned above. The discrepancies between the plots below the 0.6 nm in Fig. 10 can be attributed to the phase shift between the n-type and p-type regions, which is usually constant for larger atomic separations. 35 It should be mentioned that the changes in G(r) due to structural relaxation do not show a good agreement with the first derivative of G(r) (not shown here). Compared to the topological fluctuation theory, which considers both the positive and negative local density fluctuations, the free volume theory considers only the negative density fluctuations (free volume sites). In other words, changes in G(r) should be related to the first derivative. 39 Therefore, the structural relaxation in the Co 40 Fe 22 Ta 8 B 30 glassy particles upon isochronal annealing is assumed to be better explained according to the topological fluctuation theory.
V. CONCLUSIONS
The thermal behavior of the Co 40 Fe 22 Ta 8 B 30 glassy particles during isochronal annealing below the glass transition temperature T g was studied by in-situ high-energy synchrotron XRD. The structural changes upon isochronal annealing were studied in the reciprocal space through the analysis of positions, intensities and FWHM of the first and second diffuse maxima. It was demonstrated that compared to the reversible thermal expansion or contraction, the relative arrangement of atoms significantly changes during structural relaxation. As a result, the excess free volume of the 
